We present a first-principles study of the electron-phonon coupling and temperature dependence of intrinsic electrical resistivity in the zirconium-hydrogen system with various concentrations of hydrogen. By means of density functional theory and density functional perturbation theory, the Eliashberg function α 2 F (ω), Eliashberg transport function α 2 tr F (ω) and their strength electronphonon coupling constant λ and transport constant λtr were calculated. By solving Boltzmann equation in the lowest-order variational approximation, we got the temperature dependence of intrinsic electrical resistivity. The present calculated hydrogen concentration dependence of electrical resistivity in zirconium is in good agreement with experimental results, where a reduction of electrical resistivity at a high concentration H/Zr>1.5 was observed. We analyzed the relevance of the reduction in electrical resistivity with change of ratio c/a, it's found that the hydrogen concentration, where the resistivity starts to decrese, is very close to the concentration of δ − ε phase transition.
The feature of interaction between metal and hydrogen has extensively been studied over many years.
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These studies have both practical and theoretical significances in many different areas, like energy storage, superconductor and other modern technologies. The interaction between metal and hydrogen is strong and leads to the change of mechanical, transport, magnetic and other properties of metal. The change of physical properties is related to renormalization of electron, phonon structures and electron-phonon coupling spectrum. Interest in electron-phonon coupling of metal-hydrogen systems was initiated about half a century ago by the discovery of a high increase of superconducting critical temperature due to hydrogen absorption in thorium 4 and in palladium 5 . The describing of electron-phonon coupling is not only important for superconductivity, but also for transport properties of metal. By means of measuring electrical resistivity of material, the information of impurities and defects in material can be obtained. An accurate dataset of electrical resistivity for pure metal-hydrogen system can help us to analyze the impurity-character and defectcharacter scattering in real material. An interesting fact observed in experiment is the reduction of electrical resistivity in some hydrogen-metal systems at a very high hydrogen (H) concentration, like in palladium-hydrogen system is H/Pd≈0.71 at 300 K 6 , H(D)/Pd≈0.75 at 298 K 7 and in zirconium-hydrogen system is H/Zr≈1.6 8 at 300 K. This phenomenon is still not explained by theoretical calculation.
In this work, we focus on the situation of the zirconium-hydrogen system. Zirconium-based alloys are extensively used for the fabrication of fuel cell shells for nuclear reactors, since zirconium (Zr) has a low thermalneutron absorption cross section. In this case, the atomic H is produced by decomposition of hydrone at a high temperature (about 600 K). 9 The structural stability and mechanical properties of the Zr-H system are widely studied, a few experimental and calculational works showed that at a low H concentration, system has hexagonal close packed (HCP) structure and H atoms are located at tetrahedral (T) interstitial sites [10] [11] [12] [13] . For Zr 4 H 2 , the metastable state, which has a HCP structure with a low symmetry, was obtained by combining TEM experimental results and first-principles calculations 14 . It was also reported that the Zr 2 H system has a face-centered cubic (FCC) structure in a high symmetry condition by calculation work 10 . At a high H concentration (1 x =H/Zr 2), the Zr-H system has a FCC or face-centered tetrahedral (FCT) structure 11, [15] [16] [17] [18] . The transition from δ phase (FCC structure) into ε phase (FCT structure, c < a) is a focus of many research investigations 16, [18] [19] [20] [21] [22] , and the H concentration of phase transition is located at x 1.5. It has been reported that there is a strong reduction in electronic density of states at Fermi level upon formation of the ε phase for ZrH 2 , to ∼ 0.5 states/eV unit cell 22 , which leads to the δ − ε phase transition. The electron-driven mechanisms of δ − ε phase transition in Zr-H system with 1 x 2 have been investigated in many works 17, [22] [23] [24] [25] [26] , but to our knowledge there is still no report regarding the relevance of the transition with electron-phonon coupling. The reason for why we consider a relation between electron-phonon coupling and the δ−ε phase transition, is that the transition H concentration is close to the concentration where the electrical resistivity starts to decrease with increasing of hydrogen concentration. In fact, there are a few works 7,27 for palladium-hydrogen system, pointed out the relevance of the phase transition and reduction of electrical resistivity at a high H concentration. Meanwhile, Zr-H system is still a metallic system in principle, which means that the main contribution of electrical resistivity of Zr-H system is still electron-phonon scattering.
The purpose of this paper is to present a first-principle study regarding the influence of H on electron-phonon coupling and intrinsic electrical resistivity in Zr. We calculated the situation for ZrH 0.5 , ZrH, ZrH 1.25 , ZrH 1.5 , ZrH 1.75 , ZrH 2 and pure Zr to show the H concentration dependence of electrical resistivity in Zr-H system. The electron-phonon coupling was analyzed by means of Eliashberg function α 2 F (ω) and Eliashberg transport function α 2 tr F (ω). To clarify the relevance between the δ − ε phase transition and reduction of electrical resistivity, we investigated the changes of electron-phonon coupling through the tetragonal distortion for ZrH 2 as an example. In addition, for Zr 2 H we compared the situation of HCP and FCT structure, and we show the results of structural stability. The paper is structured as follows. The methodology and computation details in this work are given in Sec. II. In Sec. III, we present computational results and discuss of the structural transformation, intrinsic electrical resistivity, electron-phonon interaction and Fermi surface nesting in Zr-H system. Summary and conclusions are drawn in Sec. IV.
II. COMPUTATIONAL DETAILS
In our work, all calculations are from first principles within density functional theory (DFT) and density functional perturbation theory (DFPT) as implemented in ABINIT 28 code. Our calculations have been carried out using the optimized norm-conserving Vanderbilt pseudopotential method (ONCVPSP) 29 with the generalized gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE) 30 for the exchange and correlation functional. The cut-off energy for plane wave basis was set to 30 Ha in the dynamical calculation (structural optimization and relaxation) and 40 Ha in the static calculation (electronic structure calculation and linear response calculation). For a metallic occupation achievement, the temperature smearing method of "cold smearing"
31 with a broadening of 0.001 Ha (about 316 K) was adopted, and the cut-off energy of smearing function was set to 0.5 Ha. For structural optimization, the Broyden-FletcherGoldfarb-Shanno minimization (BFGS) 32 was adopted. The present calculations have been performed for systems ZrH 0.5 , ZrH, ZrH 1.25 , ZrH 1.5 , ZrH 1.75 , ZrH 2 and pure Zr. In our calculations we considered three possible structures: HCP, FCC, and FCT, and the H atoms all occupy T sites or all O sites. To select the "stable structures", We compared the total energy of system and got possible stable structures (with lowest total energy) as the "real structures". We have got the same optimized structure and relaxed H location as shown in literature 10, 14 . In addition, we have done the dynamical calculation for ZrH 0.5 in FCT structure with the H addition all at T or octahedral (O) sites. The supercell with 4
Zr atoms was adopted in the dynamical calculation, and the k-meshes were chosen as 13×13×4 for HCP structure and 14 × 14 × 14 for FCC, FCT structures while a supercell with 4 Zr atoms. In this part, the self-consistent calculation is terminated when the total energy change is less than 10 −8 Ha and the maximal force is less than 10 −4 Ha/Bohr. In electronic structure calculations (including the calculation of band structure and electronic density of states (EDOS)) for ZrH 2 δ and ε phases, the k-meshes of 32 × 32 × 32 and 30 × 30 × 34 were adopted, respectively. In this part, the self-consistent loop of static calculations is terminated when the total energy change is less than 10 −8 Ha, the maximal force is less than 10 −5 Ha/Bohr, and the non-self-consistent calculations of band structure is terminated when the wavefunction squared residual ψ nk (Ĥ − E) 2 ψ nk is less than 10 −16 Ha 2 . Here |ψ nk is an electronic eigen-state with eigen-energy level ε nk (crystal momentum k and band index n),Ĥ is the Hamiltonian operator, and E = ψ nk Ĥ ψ nk .
In linear response calculations, for pure Zr and ZrH the supercell with 2 Zr atoms was adopted, the k-mesh of 14 × 14 × 10 and the q-mesh of 7 × 7 × 5 were chosen. For ZrH 1.25 , ZrH 1.5 , ZrH 1.75 the supercell with 4 Zr atoms was adopted, the k-mesh of 14 × 14 × 14 and the q-mesh of 7 × 7 × 7 were chosen. For ZrH 2 we have used the unit cell, the k-mesh of 24 × 24 × 24 and the q-mesh of 12 × 12 × 12 were chosen. For ZrH 0.5 , we calculated five conditions. The first (C1), second (C2) and third (C3) conditions all have the HCP structure. C1 is the optimized structure by present calculation, and the H location is the same as the S2 in literature 14 . In the C2 and C3, H atoms occupy the same T site in per unit cell. The fourth (C4) and five-th (C5) conditions are systems in FCT structure with the atomic H addition all in the T or O sites. C1 and C2 was calculated by using the supercell 1 × 1 × 2 with 4 zirconium atoms, and other three conditions were calculated by using the supercell with 2 Zr atoms. The k-mesh of 14 × 14 × 6, the q-mesh of 7 × 7 × 3 were chosen for C1 and C2, and the k-mesh of 14 × 14 × 10, the q-mesh of 7 × 7 × 5 were chosen for C3, C4 and C5.
By means of DFPT within linear response method, the first-order perturbation potentials ∆ qυ v for a phonon with frequency ω qυ (crystal momentum q and branch index υ) were calculated. Then they were used in the calculation of the electron-phonon matrix elements as g mnν (k, q) = ψ nk+q |∆ qυ v|ψ nk . More details about the theoretical methods can be found in the review by Feliciano 33 . For the calculation of electron-phonon matrix elements, the self-consistent calculations of groundstate are terminated when the wavefunction squared residual is less than 10 −24 Ha 2 , the self-consistent calculations of first-order perturbation potential is terminated when the potential residual is less than 10 −18 Ha, and the non-self-consistent calculations of electron-phonon matrix elements are terminated when the wavefunction squared residual is less than 10 −24 Ha 2 . The Eliashberg function 34 , which measures the contribution of phonon with frequency ω on scattering processes of electrons at the Fermi level, was calculated in terms of the phonon linewidths γ qυ by electron-phonon matrix elements,
where N (ε F ) is the EDOS per atom and spin at the Fermi level ε F . The linewidth is written as follows:
The strength of α 2 F (ω) is described by parameter
which is called the electron-phonon coupling constant. For calculation of transport properties, the tetrahedron smearing method 35 was adopted. Electron-phonon scattering has a dominant contribution to the electrical resistivity of metallic systems except for the very low-temperature region where the impurity and electronelectron scattering are important. The Eliashberg transport function 36 , which is used to describe the influence of the electron-phonon scattering on transport properties, compares to Eliashberg function additionally considers the efficiency factor of electronic transport η k,q mnν , is calculated as following
where an efficiency factor η k,q
has been introduced in terms of the electron velocity v nk in the state |ψ nk , and here v 2 is the average square of the Fermi velocity. The strength of α 2 tr F (ω) is described by parameter
which is called transport constant. For normal metal, the electrical resistivity can be calculated by solution of the Boltzmann equation in the lowest-order variational approximation (LOVA), and written in terms of α 2 tr F (ω) as follows
where x = ω/(2k B T ) and Ω is the volume of calculated cell.
To make it simple, we use the representations of HCP(T), FCC(T), and FCC(O) to signify the three calculated situations in following text, tables, and figures. For example, the HCP structure Zr with additions of H atoms at T sites is represented as HCP(T). 
III. RESULTS AND DISCUSSION

A. Structure of Zr-H system
In present calculations, the effect of hydrogen on the crystal structure in various Zr-H systems was investigated. To find out the effect of H on structural stability, the energy of H solution for various Zr-H systems was calculated according to the following formula
where E Zr n H , E Zr and E H2 are total energies of Zr n H, pure HCP Zr (ground state) and H 2 molecule, respectively. Consequently, the ∆E H of various ZrH x systems as a function of H concentration are shown in Fig. 1 . It is energetically most advantageous for the ZrH x system to have a HCP(T) lattice structure at a hydrogen concentration of x = 0.5 and a FCC(T) structure at a hydrogen concentration of 1 x 2. At a concentration of 1.5 x 1.75, the dissolution energy of H in Zr with a FCT structure exceeds its dissolution energy in Zr with a FCC structure by an amount not exceeding 0.1 eV/atom H. As a result, under perturbation (for example, under the influence of radiation or high temperatures), the ZrH x system can pass from the FCT structure to the FCC structure. It also can be seen that the H concentration dependence of ∆E H is linear in the ranges 0 x 1 and 1 x 2, respectively. Through a linear fitting, the slope of function is -41.7 kJ/(mol H) with R 2 =0.9996 in range 0 x 1, and -48.6 kJ/(mol H) with R 2 =0.9657 in range 1 x 2 were obtained, which agree well with the experimental values 37 of -41 and -52 kJ/(mol H), respectively.
One should be pointed out that the HCP(T) struc- ture for ZrH 0.5 , presented in Fig. 1 , is the condition C1, which has a lowest energy in three conditions (C1-3) with HCP(T) structure. The conditions C2, C3 have a total energy close to the conditions C4, C5 with a FCT lattices, and the difference is less than 0.0004 eV/Zr atom, which is the same energy from an environment temperature less than 5 K. It is clear to see that the size of supercell using in calculation has a meaning to structural optimization. When the small supercell (with 2 Zr atoms) was used, the energetic difference between HCP and FCT is small, but when the bigger supercell (with 4 Zr atoms) was used, the energetic difference of FCT with HCP is about 6.6 kJ/(mol H). The result is in good agreement with the previous result 14 .
In Table I 75 and ZrH 2 that the difference with experimental data is less than 3%, and the present value of lattice parameters for these systems is also in a good agreement with previous calculations and experimental data. For ZrH 2 with FCC structure, the difference of lattice parameter in present calculations with previous calculations is less than 0.3%. In addition, the structural difference between C1 and C2 for ZrH 0.5 has been observed. The present results for C1 and C2 show that the lattice volume of C2 is 1.0067 times that of C1 , and the ratio c/a of C2 is also larger than C1. For the condition of Zr 2 H, the predicted lattice volume in present calculations for FCT structure that ranges within 1 − 2% of the calculation results 10 , but we additionally considered the tetragonal distortion of system. We conclude that we found very good agreement of the calculated lattice parameters in the present work with the previous calculations and experimental data for the Zr-H system. For the high H concentration condition (1 x 2), we got a γ(c>a)−δ − ε phase transition process, and the H concentration for appearing of δ − ε phase transition is x =1.57, which is similar to the experimental results x =1.6 18 . It has been observed that the radio c/a decreases with the increasing of H concentration in Zr, as in experiments 17, 18 .
In addition, we analyzed structural stability for ZrH 0.5 in five conditions (C1-C5) by calculated phonon spectrum. In Figure 2 , we show phonon spectrum for the low symmetry conditions C1 and C2. It is clear to see that the H location in Zr has a meaning to structural stability of Zr-H system, C2 has the imaginary phonon frequency but C1 does not. The H-character optical phonon modes in C2 are higher than in C1 about 3 THz, so that the gap between optical and acoustical modes in C2 also larger than in C1. It means that the H location also has the influence on effective mass of it's phonon. In Figure 3 , we show phonon spectrum for the high symmetry conditions C3, C4 and C5. Although the C5 has the lowest total energy in the three conditions, the phonon spectrum shows that C5 has the largest imaginary phonon frequency of -5.41 THz which is located at X point. It should be noticed that the gap between optical and acoustical phonon modes is small than 0.15 THz, it means that the acoustical Zr-character phonons can make transitions into optical phonons by a low energy equivalent to temperature 7.2 K. Thus, we conclude that C5 is an instable state even at a very low temperature. It is also clear to see that C4 is much more stable than C5, and the difference only between C4 and C5 only from the H location in Zr.
B. Electron-phonon coupling, electrical resistivity of Zr-H system
As the beginning of the discussion about the electrionphonon coupling and electrical resistivity of Zr-H system, we present the temperature dependence of electrical resistivity of pure Zr and the H concentration dependence of electrical resisitivity in Fig. 4 and Fig. 5 , respectivity. As shown in Figure 4 , our calculational results for [1210] and [1010] directions are close to the experimental data 39 . Therefore, as shown in Figure 5 , we choose the average value of electrical resistivity in [1210] and
8 at 300 K. We also present the H concentration dependence at a typical work temperature of nuclear reactor 650 K, unfortunately, to our knowledge there is no experiment data for this temperature. It should be noticed that the trend of ρ(x) persists at different temperatures, but it is sharper at a higher temperature as shown in Fig. 5 , because the lattice vibration is stronger at a higher temperature. In present calculations the low temperature condition was not calculated, because the electron-phonon scattering is not the main contribution of transport properties of system at a low temperature, where the effects of electron-electron scattering, size effects, impurity scattering, etc., are considerable. At a very high temperature (higher than 800 K), the difference between calculated and experimental results becomes considerable with increasing temperature. This situation has been caused by two factors. The main factor is that the system transforms from α phase (with a HCP structure) into β phase (with a body-centered cubic (BCC) structure) with the increasing of temperature 11 . The another factor is that in present work the electronphonon interaction was calculated within the harmonic approximation which doesn't work at an elevated temperature. It should be pointed out that the temperature 650 K cannot lead to a phase transition of the Zr-H system, and it is also not such an elevated temperature for harmonic approximation. Thus, we conclude that the present calculation results of the electron-phonon coupling and electrical resistivity in the Zr-H system are credible, and have a practical significance.
Let's focus on the H concentration dependence ρ(x), as shown in Fig. 5 , the reduction in ρ at a high H concentration (x > 1.5) has been observed both in previous experiment and present calculations. The calculational result for ZrH 2 ρ = 27.52 µΩ cm is similar to the experimental data 8 for ZrH 1.96 ρ = 26.7 µΩ cm, and both results show that ZrH 2 is a better electrical conductor than pure Zr. In present calculations we got the H concentration x c , where the resistivity starts to decrease with the increasing of H concentration, is in the range from 1.5 to 1.75. This result is in agreement with experiment 8 , where the results showed the x c is in the range from 1.54 to 1.62. Interestingly, the concentration x c is close to the concentration for transition from δ phase to ε phase. Hence, it's natural to consider the relevance of reduction in ρ with the δ − ε phase transition. It should be noticed that the only difference between δ and ε phases is the value of c/a. In Figure 6 , we present a comparison of H concentration dependence of electrical resistivity and lattice constants for zirconium hydrides. As shown in Figure 6b , the value of a increases and c decreases with increasing H concentration in Zr, i.e. value of c/a decreases with increasing
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(a) Dependence of electrical resistivity on H concentration in zirconium for hydrides zirconium at 300 K value of x. It is clear to see that the concentration x c is close to the concentration x ≈ 1.57, where c = a. Thus, we can conclude that there is a relevance of reduction in ρ with tetragonal distortion of FCC lattice, later we will discuss the details in Sec. III C.
Furthermore, we focus on the electron-phonon coupling in the Zr-H system. The calculated Eliashberg function α 2 F (ω), Eliashberg transport function α 2 tr F (ω) and their strength electron-phonon coupling constant λ (ω) and transport constant λ tr (ω) for zirconium dihydrides and pure zirconium are show in Fig. 7 . The calculational results show that the Zr-H system has the characteristics of transition metals. The value of λ = 0.54 for pure zirconium shows a not weak electron-phonon coupling which is general for transition metals, owing to the large effective mass of d-electrons in transition metals. In practice, the agreement between calculated results and experimental data of electrical resistivity can be a verify of authenticity for calculated α 2 tr F (ω), so we conclude that the present calculated electron-phonon coupling spectrum are credible. We show that the Eliashberg function and Eliashberg transport function have a common shape as in a normal condition 40 , where the efficiency factor
from electronic velocity only has a small contribution on electron-phonon scattering process for a metallic system, the ratio λ tr /λ ≈ 1 also shows that. In particular, the efficiency factor η k,q mnν gives a preferential weight from the backscattering process. The ratio λ tr /λ is close to 1 for stable structures, the minimum is the ratio λ tr /λ = 0.83 for ZrH 1.25 , and the maximum is the ratio λ tr /λ = 1.17 for ZrH 1.75 .
It should be noticed that the ZrH 1.25 is the only one λ > λ tr in the situations with a stable structure, and the value of λ is also bigger than other situations. First, the big value of λ shows a strong electron-phonon coupling in ZrH 1.25 system, and it can explain the sudden rise of ρ for ZrH 1.25 system as shown in Fig. 5 . Second, the electron backscattering weakens the strong coupling, it seems like that the system spontaneously defies the strong coupling. The same behavior has been observed in the two unstable ZrH 2 systems (with c/a = 0.94 and c/a = 1). Specially, for δ phase of ZrH 2 there is a significant difference between α 2 F (ω) and α 2 tr F (ω) due to the backscattering of electrons, which may cause a strong Fermi surface nesting 41 and a phase transition. It's clear to see that with decreasing value of c/a the values λ = 3.769 and λ tr = 1.212 drop to λ = 0.188 and λ tr = 0.213, the large value of λ/λ tr = 3.11 drops to 0.88. This means that through tetragonal distortion the electron-phonon coupling becomes weaker and the strong Fermi surface nesting of δ phase is receded, and the weak electron-phonon coupling in ε phase ZrH 2 can explain why ZrH 2 is a better conductor that pure Zr.
The contribution of electron-phonon scattering from H atoms is also an interesting topic. In present calculations, it is found that the H-character optical phonons have a small contribution on λ and λ tr , and Zr-character acoustic phonon modes have the largest contribution on λ, between 89% and 98% of the total for Zr-H systems with various H concentration. The reason may be the strong chemical bond between H and Zr, and the vibration modes of H are limited in a small scale by the strong chemical bond, it also can explain why the harmonic approximation well works in present calculation for Zr-H system by the low contribution of H on electron-phonon coupling. The ratio of λ H /λ for ZrH, ZrH 1.25 , ZrH 1.5 , ZrH 1.75 and ZrH 2 is 2%, 3%, 10%, 7% and 11%, respec- tively. It can be seen that the H-character optical phonon modes are getting to play a dominate role in electronphonon coupling with the increasing of H concentration, and the reduction of λ H /λ from ZrH 1.5 to ZrH 1.75 can be viewed as a result of δ − ε phase transition. We conclude that the H-concentration dependence of electron-phonon coupling in Zr-H system is driven by effect of H on acoustic phonon modes, i.e. lattice structural modification due to H, is the main contribution to the change of electronphonon coupling strength. In particular, the system has a limited robustness, the strong chemical bond between Zr and H restricts the scale of H vibration modes. When the vibration is so strong that cannot be holed in system, the robustness of system refuses the strong vibration, and leads to a phase transition. If we focus on electrons, it is the same picture that the strong Fermi surface nesting can cause the structural transition of system. Thus, it is reasonable to estimate that there is a deep connection between the tetragonal distortion of FCC structure (δ − ε phase transition) and the reduction of electron-phonon coupling strength and electrical resistivity, we show this in the follows.
C. Electron-phonon driven phase transition and reduction of electrical resistivity: An example of ZrH2
In this section we will in detail discuss the influence of tetragonal distortion of FCC structure on behaviors of ZrH 2 as an example. As we said, the instability of FCC structure plays a important role in reduction of electrical resistivity. There are three indications of the structural instability of δ phase: high pick of EDOS, imaginary phonon frequency and extremely high value of Fermi surface nesting factor, and they are corresponding to the electron-, phonon-, and electron-phonon-driven mechnism of tetragonal distortion in Zr-H system. As the beginning, we reveal the mechanism of tetragonal distortion in terms of electronic structures. Many researches on the electron-driven mechanism of δ − ε phase transition for ZrH 2 have been reported as we said in introduction. There are three main electron-driven mechanisms, first is the splitting of the bands at Fermi level in the Γ − L direction due to Jahn-Teller effect 17, 21, 22, 24 , second is the reduction of N (ε F ) by a shift in energy of the band along the Γ − K direction 20, 22 , and the third is the van Hove singularity in the Γ − X direction 22 . In present work, we also calculated the electronic strucutre of ZrH 2 δ phase, and signs of the three mechanism were observed as shown in Fig. 9 . The key point of these mechanism is that they lead to the reduction in N (ε F ) from δ phase to ε phase. In Figure 8 , we show a comparison of EDOS between δ and ε phases for ZrH 2 . The reduction in N (ε F ) about 0.5 states/eV unit cell per spin is strong while the FCC structure transforms to the FCT structure. We see that the high N (ε F ) splits to two picks near the Fermi level through the δ−ε phase transition, and the system obtains structural stability in this way.
In Figure 10 we present the calculated phonon spectrum of ZrH 2 δ phase. It's clear to see that in the Γ − K, Γ − X, Γ − L directions the Zr-character phonon modes have the imaginary frequencies around the Γ point. The imaginary phonon frequencies that the total energy of system can be decreased by a shift of atoms (here we can say density of electrons) in these three directions. As we said, through δ−ε phase transition, the high N (ε F ) splits to two picks near the Fermi level, and the signs of electron band structure in the Γ − K, Γ − X, and Γ − L directions also vanish. This explains why the imagniary phonon frequencies and signs of high N (ε F ) were observed in the same directions. It is also interesting to investigate the changes of phonon density of states (PDOS) through δ−ε transition. As shown in Fig. 11 , the frequency range of H-character optical phonon in δ phase is narrower than in ε phase, and the gap between acoustic and optical phonons 23.6 THz in δ phase is also narrower than 22 THz in ε phase. The picks in δ phase have a shift to the right (to the high frequency), for Zr-character phonon is 0.16 THz, and for H-character phonon is 0.5 THz. Also, the pick in δ phase at 36 THz is higher than in ε phase, it can be seen as a result of compressing the PDOS in ε phase. At a high symmetry condition (cubic structure), phonon modes in system have a higher degeneracy, which leads to the high pick and narrow range of H-character optical phonon frequency, and it can be a reason why the H-character optical phonon plays a more important role in δ phase.
It should be pointed that the shape of PDOS and α 2 F (ω) is similar, in fact, α 2 F (ω) also can be seen as a modification of PDOS with a weight from electronphonon coupling. The picks at phonon frequency of 6.5 THz and 35.5 THz are observed both in PDOS and α 2 F (ω), but there are still differences. Through δ − ε phase transition, the pick at 6.5 THz dosen't change in PDOS, but reduces about 1 time in α 2 F (ω); the pick at 35.5 THz reduces in both PDOS and α 2 F (ω), but the reduction is stronger in α 2 F (ω). This means that the electron background scattering plays a more importrant role in the change of electron-phonon coupling. It is also interesting to discuss the strong electron-phonon coupling in the range of imaginary phonon frequency of δ phase. In δ phase the main contribution on λ is from the rang of imaginary phonon frequency, and the value is 1.016. The contribution on λ from the range of positive phonon frequency for δ phase is 0.868, which is the 4.57 times of the λ in ε phase.
As we said, the electron background scattering plays a important role in the globally strong electron-phonon coupling in δ phase. In particular, the connection between electronic background and electron-phonon interaction can be estimated by the Fermi surface nesting. We calculated the distribution of nesting factor χ(q) = mnk δ(ε nk − ε F )δ(ε mk+q − ε F ) in reciprocal space for ZrH 2 as shown in Fig. 12 . It is clear to see that for ZrH 2 δ phase the nesting is strong around Γ in the Γ − K, Γ − X, Γ − L dictions where the imaginary phonon frequencies appear. It is also found that the nesting factor has a maximum at Γ point. It is interesting that the Γ point is like a singular point that it is the center of imaginary phonon frequencies but the Zr-character acoustic phonon frequencies at Γ point are close to 0. The Zrcharacter acoustic phonon modes are following the "2+1" splitting 42 , and frequencies of the two degenerate modes are imaginary, the frequencies of split mode is positive. This may be caused by that the nesting factor q → 0, and the Γ point as a point with the highest degeneracy cannot be modified, so that the period-lattice-distortion and the charge-density modulation have not been observed in ZrH 2 , unfortunately. But the Fermi surface nesting behavior in ZrH 2 still can help us to understand the modification of electronic and phonon structure of system, especially the changes around Γ point. In particular, through δ − ε phase transition, the nesting factor χ not only strongly decreases around Γ point, but also has a global reduction. The reduction of nesting factor shows decreasing background scattering probability, which leads to the vanishing of the significant difference between α 2 F (ω) and α 2 tr F (ω). The idea is simple that when the Fermi surface nesting is strong, many electrons at Fermi level don't have any change of energy and momentum after scattering with phonon. So that, the efficiency factor η k,q mnν is small, and the value of λ tr is much smaller than λ in δ phase. In particular, it can be seen that system defenses the influence of electronphonon coupling on electronic transport by modification of electronic structure in this way, the unphysical large electrical resistivity is reduced. Also, such a system with strong Fermi surface nesting is unstable, and it may lead to a phase transition.
In the end, we discuss the changes of electrical resistivity through tetragonal distortion of FCC lattice. In Figure 13 we present the calculated temperature dependence of electrical resistivity for ZrH 2 with different c/a ratio. It is clear to see that the electrical resistivity of ZrH 2 decreases through the tetragonal distortion. The electrical resistivity in δ phase is much larger than in ε phase, and the temperature dependence ρ(T ) in δ phase is steeper than in ε phase. It should be noticed that the results for the two states with ratio c/a = 1 and c/a = 0.94 are not physical, because of the imaginary phonon frequency. If we consider the Elishberg function α 2 F (ω) and transport function α the strong electron-phonon coupling has a significant relevance with the structural instability of δ phase.
IV. SUMMARY AND CONCLUSIONS
We have presented a first-principles study of the electron-phonon coupling and electrical resistivity for Zr-H system. In present work, the systems ZrH 0.5 , ZrH, ZrH 1.25 , ZrH 1.5 , ZrH 1.75 , ZrH 2 and pure Zr were considered to clarify the H concentration dependence of physical properties for Zr-H system. The calculated results of electrical resistivity are in good agreement with experimental data, and the reduction in electrical resistivity at a high H concentration (x > 1.5) has been observed. We have obtained that at temperature 300 K the resistivity of ZrH 2 (27.52 µΩ cm) is smaller than pure Zr (43.95 µΩ cm), and the result is in good agreement with the experimental result where the resistivities of 42.6 µΩ cm for high purity Zr and 24.7 µΩ cm for ZrH 1.96 were obtained.
To explain the reduction, we have analyzed electronphonon coupling for Zr-H system by means of the Eliashberg function α 2 F (ω) and Eliashberg transport function α 2 tr F (ω). The results show that with the increasing of H concentration in Zr, the change of electron-phonon coupling strength is not strong except in ZrH 2 . It has also been found that in the stable Zr-H system the difference between α 2 F (ω) and α 2 tr F (ω) is small, but strong in δ phase of ZrH 2 . We have shown that the significant difference between α 2 F (ω) and α 2 tr F (ω) in ZrH 2 δ phase is caused by the backscattering of electrons due to the strong Fermi surface nesting, and the strong Fermi surface nesting may be a reason why ZrH 2 system transforms from δ phase into ε phase. We have compared the calculated resistivity of ZrH 2 between δ and ε phases, and the result shows that the ZrH 2 δ phase has an extremely large resistivity due to the unphysical strong electron-phonon coupling which is related to the structural instability of δ phase. Though the tetragonal distortion, the unphysical imaginary phonon frequency and lager electron-phonon coupling constant λ are eliminated, and the ε phase of ZrH 2 with a weak electron-phonon coupling and low electrical resistivity is obtained.
